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Abstract 
Railhead is perhaps the highest stressed civil infrastructure due to the passage of heavily 
loaded wheels through a very small contact patch. The stresses at the contact patch cause 
yielding of the railhead material and wear. Many theories exist for the prediction of these 
mechanisms of continuous rails; this process in the discontinuous rails is relatively sparingly 
researched. Discontinuous railhead edges fail due to accumulating excessive plastic strains. 
Significant safety concern is widely reported as these edges form part of Insulated Rail Joints 
(IRJs) in the signalling track circuitry. Since Hertzian contact is not valid at a discontinuous 
edge, 3D finite Element (3DFE) models of wheel contact at a railhead edge have been used in 
this research. Elastic-plastic material properties of the head hardened rail steel have been 
experimentally determined through uniaxial monotonic tension tests and incorporated into a 
FE model of a cylindrical specimen subject to cyclic tension loading. The parameters 
required for the Chaboche kinematic hardening model have been determined from the 
stabilised hysteresis loops of the cyclic load simulation and implemented into the 3DFE 
model. The 3DFE predictions of the plastic strain accumulation in the vicinity of the wheel 
contact at discontinuous railhead edges are shown to be affected by the contact due to 
passage of wheels rather than the magnitude of the loads the wheels carry. Therefore to 
eliminate this failure mechanism, modification to the contact patch is essential; reduction in 
wheel load cannot solve this problem. 
 
Keywords:   
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1. Introduction 
 
Assessment of railhead stresses and strains due to repetitive wheel/rail contact forces is a key 
aspect in the investigation of various failure modes during the service life of rails in track. 
Railhead stresses and strains have been determined theoretically and/ or numerically using 
the Hertzian contact theory (Johnson [1]). The assumptions of this theory are violated at 
discontinuous railhead edges such as in the vicinity of the end post gap of Insulated Rail Joint 
(IRJ), which is a key safety device in the electrical track circuitry that controls the signalling 
system. In the absence of the Hertzian contact theory, analytical solutions for the problem are 
complicated requiring numerical solutions for their complex equilibrium and compatibility 
equations. Finite Element (FE) modelling approach is used extensively to investigate the 
wheel/rail contact interaction in continuous and discontinuous railheads. IRJs consist of 
railhead edges on either side of the end post (AS1085.12 [2]); therefore, the wheel/rail 
contact interaction at the railhead edges is essential to understand the failure mechanisms 
and/ or the useful service life of the IRJs. 
IRJs are regarded as weak spots of rail tracks which exhibit low and highly variable 
service life (Davis [3]). The IRJ assembly is composed of two rails connected using two joint 
bars on either side of the rail web fastened with six bolts as shown in Fig. 1. The end post 
between rail ends, the epoxy layers between the joint bars and the rail web, and the insulation 
ferules used to enclose bolts are ensured electrical isolation between the two rails (AS1085.12 
[2]). Ongoing passage of wheels across the gap causes flow of metal into the end post gap as 
shown in Fig. 2. The cumulative cyclic plastic deformation (ratchetting) at the railhead edge 
can potentially cause electrical short-circuit and major disruption to traffic due to signalling 
failure. 
 
Figure 1. Typical Insulated Rail Joint in a rail track 
 
Epoxy layer 
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Figure 2. Railhead metal flow towards the end post gap of an IRJ 
 
Fig. 2(b) shows that the stress concentration occurs below the top surface of the railhead 
when the wheel is away from the free edge, but migrates to the top surface when the wheel is 
on the edge. The general theories of stress distribution in bodies under contact which obey 
Hertzian law do not hold good for contact at free edge (Johnson [1]). Plastic deformation in 
discontinuous railhead is only found sparingly in the literature; until more fundamental 
theories are established, the effects of discontinuous railhead edges under rolling contact can 
only be examined using numerical studies involving established FE and/ or the experimental 
methods. Chen and Chen [4] using a FE modelling technique found that the shape of contact 
pressure and tangential traction distributions at the railhead edges deviate significantly from 
the Hertzian elliptical contact pressure distribution shape. The magnitudes of effective strain 
and the size of plastic zone at railhead edges were determined using FE modelling technique 
by Sandström and Ekberg [5]. Very limited literature can be found on the experimental 
investigation of railhead edge behaviour under rolling wheel load. Bandula-Heva et al. [6] 
experimentally determined the strain distribution of the end face of the railhead edge due to 
the rolling wheel load. Dhanasekar and Bayissa [7] used field strain measurements to 
investigate the differences in wheel impact at IRJs with a square and an inclined gap. 
Askarinejad et al. [8] also used strain measurements from a field experiment to determine the 
wheel-rail contact-impact force at IRJs supported on different spacings of sleepers. In 
contrast a lot of studies are reported in continuous welded rails at welded joints; a 
comprehensive review is beyond the scope this paper – Wen et al [9] and Mutton and Alvarez 
[10] are some good examples where the plasticity and contact impact forces at welded joints 
are reported respectively. 
 
(a) Metal flow into railhead gap in an IRJ  (b) Sectional view through line AB 
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Since it is not efficient to examine the cyclic metal plasticity under large number of load 
cycles purely from the FE analysis method, usage of analytical constitutive models either in 
combination with, or in stand-alone manner cannot be avoided. When a metal is stressed 
beyond its yield strength, hardening occurs as defined by several kinematic hardening 
constitutive model (Armstrong and Frederick [11], Chaboche [12], Bari and Hassan [13], 
Ohno and Wang [14], McDowell [15], Jiang and Kurath [16], and Abdel-Karim and Ohno 
[17]). These models require parameters estimated from lab tests on specimens subject to 
uniform states of uniaxial and/ or biaxial cyclic loading; generally models containing larger 
number of parameters extracted from a system of hysteresis loops are shown to better 
represent the physical phenomena at the cost of expensive experiments. Considering the 
contact nonlinearity and the singularity of stress field at discontinuous edges, a three 
parameter kinematic hardening model that requires only the stabilised hysteretic loop 
proposed by Chaboche [12] has been used in the research reported in this paper. In spite of its 
simplicity, it is shown that the three parameter Chaboche model predicts accumulation of 
localised plastic strains that compare well with the experimental prediction of strains using 
non-contact digital imaging technique.  
 
In this paper, a portion of rail and wheel were modelled using ABAQUS commercial 
software to simulate the wheel/rail contact at the railhead edge in the vicinity of the end post. 
The FE model was subjected to quasi-static elastic-plastic loading in the ABAQUS/standard 
environment to simulate the accumulation of plastic strain due to repetitive rolling of wheels 
in the vicinity of the railhead edge. The Chaboche [12] kinematic hardening parameters 
required  to predict the accumulation of plastic strain at the railhead end face were obtained 
using an independent 3D FE analysis of a cylindrical railhead material specimen subject to 
cyclic tension loading. The monotonic railhead material properties obtained experimentally 
through a uniaxial tension test (Bandula-Heva and Dhanasekar [18]) have been incorporated 
into the cyclic 3DFE analysis. From the stabilised hysteresis stress-strain outputs of the cyclic 
loading simulation, the parameters of the Chaboche model were determined. The  wheel-
railhead edge contact FE model was then validated through data sets from full scale 
experiments (Bandula-Heva et al. [6]) carried out with particular focus on the localised 
railhead edge strains under the repetitive passage of loaded wheels.  
2. Properties of Railhead Material  
 
2.1 Monotonic stress-strain curves 
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In order to obtain uniaxial stress-strain curve of railhead steel, seven (A-1 to A-7) tensile test 
coupons were cut out from the railhead of a virgin rail sample widely used in the Australian 
heavy haul track. These railheads are partly casehardened to a depth of approximately 25mm. 
The locations of the tensile test coupons in the railhead are as shown in Fig. 3.  
 
Figure 3. Locations of the test coupons in railhead 
 
Since the research interest is focused on the properties of the railhead material close to 
wheel/rail contact zone, another three (B-1 to B-3) tensile test coupons were also obtained 
from a different virgin rail sample. A typical tensile test coupon is shown in Fig. 4. 
 
 
Figure 4. Dimensions of rail test coupon 
 
Each specimen was subject to monotonic uniaxial tensile elongation using an INSTRON 
testing machine. The elongation rate was set as1mm/minute and the test coupons were pulled 
apart until breaking. Both the longitudinal and the lateral strains of each test coupon were 
measured using a non-contact digital image correlation technique. The complete testing 
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procedure and the method of determining the true stress-strain curves of each of the coupon 
are presented in Bandula-Heva and Dhanasekar [6].  
 
The true stress-strain curves of the coupons A-1, A-2 and A-3 were in good agreement with 
B-1, B-2 and B-3 respectively; coupon A-4 was also extracted from the heat-treated (head-
hardened) zone of the railhead and hence used as a member of the same family of curves. All 
these seven curves were therefore extrapolated to determine the parameters of the material at 
the ‘top’ skin of the railhead; they were also averaged to represent the casehardened 
characteristics of the railhead steel; the ‘top’ and ‘average’ curves are shown in Fig. 5. 
Coupons A-5, A-6 and A-7 exhibited much lower yield stress owing to their location being 
within the non-hardened region, which is not of interest to the current paper and hence have 
not been reported here; full datasets can be seen in Bandula-Heva and Dhanasekar [6].  
 
 
Figure 5. True stress-strain curves of the head-hardened railhead 
 
The material properties of railhead steel obtained from the tests is shown in Table 1. The 
experimentally observed yield stress for head hardened rail steel in Table 1 is larger than that 
(780MPa) provided in the Australian standard (AS1085.1 [19]) . The average Young’s 
modulus of the ten rail test coupons was 206.5GPa, which agrees well with the rail steel 
Young’s modulus (207GPa) specified in the Australian standard. The largest tensile strain of 
the rail steel was 0.12 which is very less compared to other common steels; thus, the railhead 
steel is regarded as less ductile due to casehardening as can be identified form the failure 
mode of the coupons, a typical one is as shown in Fig. 6. 
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Figure 6. Typical mode of failure of railhead coupon  
 
Table 1. Material properties of railhead steel  
Property 
Average  
(head hardened) 
Extrapolated  
(railhead top) 
Young’s modulus 206.5GPa 206.5GPa 
Poison’s ratio 0.3 0.3 
Density 7800kg/m
3
 7800kg/m
3
 
Yield stress 800MPa 932MPa 
 
2.2 Cyclic stress-strain curves 
 
Many kinematic hardening constitutive models for metals are reported in the literature; most 
of these models require large number of material parameters to be determined from the 
system of hysteresis loops. The kinematic hardening model proposed by Chaboche [12], on 
the other hand requires only the stabilised stress-plastic strain hysteresis loop for the 
determination of the material parameters (Bari and Hassan [13]).  
 
Chaboche [12] kinematic hardening model is based on Armstrong and Frederick (AF) [11] 
rule. The AF rule is capable of predicting ratchetting and hence is widely used in the related 
literature. In the AF rule, the backstress increment ( d ) due to strain increment ( pd ) is 
defined as shown in Eq. (1) in which C  and  are material parameters. 
 
    2 / 3 2 / 3 .p p pd Cd d d       (1) 
 
In the Chaboche model [12], the hysteresis curve is divided into three segments with the 
intention of increasing accuracy. Thus, the total backstress  of the hysteresis curve is 
decomposed into three components (
1 , 2  and 3 ) as shown in Eq. (2). Then the total 
backstress increment ( d ) due to strain increment ( pd ) is the sum of the three individual 
decomposed backstress increments as shown in Eq. (3). In the Chaboche model each 
decomposed backstress components is assumed to follow the AF rule as shown in Eq. 4). 
However, the third component 3  
is considered to be linear (Bari and Hassan [20]) and 
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hence the parameter 3  
becomes zero. Since 03  , the three decomposed kinematic 
hardening rule of Chaboche (Eqs. (2), (3) and (4)) requires the definitions of 1321 ,,, CCC  
and 
2 .  
 
 321    (2) 
 
 


3
1i
idd   (3) 
 
  2 / 3 pi i i id C d dp    
 
(4) 
 
Stabilised hysteresis curve is often obtained with a cyclic load test using a cylindrical test 
specimen as shown in Figure (a). Since the railhead metal suffers from non-uniform 
distribution of material properties, it is difficult to cut a cylindrical test specimen with 
uniform material properties from the railhead top zone. Thus, it was decided to apply FE 
technique to obtain the ratchetting material properties of railhead steel. 
 
Considering symmetry, half of a cylindrical test specimen was modelled in the 
ABAQUS/Standard environment as shown in Fig. 7. The geometry of the developed FE mesh 
is shown in Fig. 7(b). This FE model was analysed with both the average and extrapolated 
rail top material prosperities shown in Fig. 5. In the FE analysis, the model was subjected to a 
cyclic load under displacement control mode and stabilised stress-plastic strain curves for 
each set of material properties were obtained as the outputs. The stabilised stress-plastic 
strain curves for the average and the rail top material are as shown in Fig. 8.  The backstress 
was calculated from Eq. 5) in which   and 0  are axial stress and the yield stress of the rail 
steel respectively. 
 
 0   (5) 
Using Eq. (5), the stress-plastic strain curves in the Figure  were converted into backstress-
plastic strain curves as shown in Fig. 9. 
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Figure 7. Typical cylindrical test specimen 
 
 
Figure 8. Stabilised stress-plastic strain hysteresis loop 
 
 
  Figure 9. Backstress-plastic strain hysteresis loop 
 
The first backstress component 
1 of the Chaboche model in Eq. (2) has very large value to 
represent the initial nonlinear part of the backstress ; the third backstress component 3
represents the linear segment of the backstress hysteresis loop is relatively small. The 
transition between the nonlinear to linear segment of the backstress hysteresis loop is 
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represented by the second component
2 . The loading path of the backstress components 1
and
2 is provided by the Eq. 6 in which 
p
L is the upper and lower limits (see Fig. 10). 
    / 1 2exp ( ( )) 1 2p pi i i i LC For i and             (6) 
   
It is generally recognised that, 
1C should relatively be very large in line with the plastic 
modulus on the onset of yielding and the parameter 
1 should also be large enough to 
immediately stabilise the hardening of 
1 . The parameter 3C represents the slope of the linear 
segment of the hysteresis loop at high strain range. The parameters
2C and 2 are determined 
using predictor - corrector method to best satisfy the Eqs. (2) and (7).  
 
     1 1 2 2 0 3/ / / 2 { ( )}
p p
LC C C          
 
(7) 
The parameters determined for the Chaboche model in Table 2 have been used to calculate 
the back stress components 
1 2 3, &    as well as the total backstress 3  and plotted against 
the plastic strain in Fig. 10 for the railhead top surface material; the average railhead material 
also exhibited similar trend and hence not shown here. 
 
Figure 10. Backstress and its three decomposed components (railhead top surface material) 
 
Table 2. Parameters determined for Chaboche model 
Parameter For average railhead  For railhead top surface  
1C  50000 61500 
2C  21500 16300 
3C  452 450 
1  725 785 
2  42 37 
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3. FE Modelling of Railhead – Loaded Wheel Interaction 
 
The geometry of the idealised wheel/rail contact model is as shown in Fig. 11.  
 
 
 
 
 
 
 
Figure 11. Idealised model of wheel/rail contact 
 
Since the railhead edge metal plasticity is the main focus of this investigation, a part of the 
rail of sufficient length and depth such that the local railhead strains under the loaded wheel 
contact zone are not affected by the boundary effects has been considered; infinite boundary 
condition was assigned for this purpose as shown in Fig. 11; wheel mesh is also shown. 
Master surface 
Slave surface 
Railhead 
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A sign convention was proposed for the railhead to make the explanation of the wheel load 
applications and the discussions of the results easy; the chosen sign convention with 
reference to the coordinate system is shown in Fig. 12. The loaded wheel was assumed to 
travel from 20z mm to 10z mm and the rail end face strains (vertical, lateral and 
shear) were examined in the XY plane. 
 
The railhead material properties in Fig. 5 were used in the FE modelling. Further details of 
the developed FE model,  analysis method and validation are reported in (Bandula-Heva et 
al., 2013); only a summary is presented here for completeness. The FE model has been 
subjected to quasi-static analysis such that the loaded wheel is rolled over the railhead edge. 
   
Figure 12. Sign convention of the railhead edge 
 
3.1 FE predictions 
 
Figs. 13 - 16 show the predicted vertical, lateral, shear strains and VonMises stress 
distribution in the railhead when the loaded wheel (130.7kN, which represents a fully loaded 
wagon wheel) has just completed its first half cycle from 20z mm   to 10z mm  . When 
the wheel is located at 10z mm  , the maximum E22 is -39,920 microstrain (compressive), 
E11 is +7,014 microstrain (tension), E12 is  21,390 microstrain and the VonMises stress is 
1371 MPa; The localised nature of this stress can be observed from Fig. 16. In the FE 
modelling, two sets of material properties namely the top and the average were assigned to 
the railhead top zone and the rest of the railhead part respectively. The stress-strain curves for 
these two sets of material properties are presented in Fig. 5. Since the rail top has higher yield 
strength (932 MPa) than the average material property (800 MPa), a discontinuity in stress 
contour lines occurred through the border of the two material zones as shown in Fig. 16.  
Furthermore, the magnitude of the VonMises stress is significantly larger than the material 
yield strength (Table 1).  Railhead edges thus are plasticised immediately after the first travel 
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of loaded wheel; subsequent travels only add small plastic strains, which is described in 
Section 3.2.   
 
Figure 13. Vertical strain (E22) along the rail end face in the first load cycle 
 
Figure 14. Lateral strain (E11) along the rail end face in the first load cycle 
 
Figure 15. Shear strain (E12) along the rail end face in the first load cycle 
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Figure 16. Von Mises stress distribution on the rail end face in the first load cycle  
 
 
3.2 Validation of the FE model 
 
A laboratory experiment involving full scale wheel and railhead, shown in Fig. 17, was 
carried out to validate the FE model reported in Section 3.1.  
 
Figure 17. Rail test specimen under rolling wheel load 
 
In this experiment, unidirectional rolling of loaded wheel was applied in the vicinity of the 
railhead edge test specimens fixed on the test bench. As only the railhead edge strains are of 
interest, half of the IRJ was tested so that the railhead will be visible for imaging required for 
the Digital Image Correlation (DIC) method of analysis. For this purpose, a powerful light 
beam was constantly focussed onto the railhead edge. The wheel was attached to a vertical 
and horizontal actuators. The vertical actuator maintained a constant vertical load during the 
rolling of the wheel.  The horizontal actuator controlled the wheel position 
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0; 0; 20  to 10x y z mm mm     . Canon EOS 7D digital SLR camera fitted with K2/SC 
long distance microscopic lens was used for imaging (18Megapixels resolution) of the 
railhead edge at regular interval for each 1mm positioning of the wheel. Full details of the 
experiment is published in Bandula-Heva et al. [6]. 
 
The FE prediction of the vertical strain (E22) and the DIC experimentally determined data 
points are shown in Fig. 18. Figs. 19 and 20 show the comparison between FE prediction and 
DIC experimental data for E11 and E12 respectively. It should be noted that the strain at top 
most fibre at the railhead surface could not be calculated using the DIC due to the 
requirement of finite sized cell with the strain determination at the centre of the cells only 
being possible. Generally the comparison is good. The FE model is thus considered validated. 
 
  
 
Figure 19.   Lateral strain profile along the rail end face 
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Coordinate Shear strain (E12) 
x y FE Expt. % Diff. 
7.5 4.5 0.01385 0.01350 2.5% 
7.5 5.5 0.01226 0.01194 2.6% 
7.5 9.0 0.00355 0.00375 -5.6% 
 
 
Figure 20.   Inplane shear strain profile along the rail end face 
 
The validated FE model is then used to predict the accumulation of the plastic strain in the 
vicinity of the railhead edge. Based on the FE analysis, the Equivalent Plastic Strain (PEEQ) 
distribution along the rail end face centreline for two load cases (130.7kN and 50kN, 
represents a wheel in empty wagon) are shown in Fig. 21.   
  
Figure 21. Equivalent plastic strain along the end face centreline in the first load cycle  
 
It is clear, the peak PEEQ occurs at the railhead top. The depth of plastic zone in the railhead 
for the 130.7kN wheel load is approximately 11.5mm and that of the 50kN is approximately 
6.5mm. Importantly plastic strains occur during first wheel passage irrespective of wheel load 
as shown in Fig. 21. 
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4. Application of Chaboche model  
 
The incremental backstress for a given strain increment is a function of the current state of 
the backstress and the plastic strain, a plot of which is shown in Fig. 22.  
 
Figure 22. Typical sketch of loading and unloading path in the ratchetting 
 
In this figure, a typical loading and unloading paths of a backstress-plastic strain curve is 
presented. The current state of backstress and plastic strain is represented at point ),( A
p
AA  ; 
from this, the subsequent state of backstress and plastic strain ),( B
p
BB  can be determined 
using the Eq. (4) for a plastic strain increment of pd . In this way the loading and unloading 
paths are established incrementally to determine the accumulation of plastic deformation 
under cyclic loading. A computer program was developed to determine the incremental stress 
by governing the current state of the backstress and the plastic strains of the railhead metal 
based on the Eq. (4) and this program was used to establish the loading and unloading paths 
during ratchetting.  
 
The ratchetting parameters in Table 2 were obtained for uniaxial cyclic loading data. 
However, the railhead metal of the test specimens was subjected to multiaxial stresses under 
the repetitive passage of the loaded wheel. Thus, the Von Mises (equivalent uniaxial) stress is 
input into the Chaboche model to predict the railhead ratchetting. Since only the ratchetting at 
the rail end face is of interest in this research, the wheel with load (130.7kN) was rolled over 
the railhead from 20z mm to 10z mm to obtain the Von Mises stresses of the railhead 
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end face. The Von Mises stress distribution on the rail end face during the first passage of the 
130.7kN wheel load is presented in Fig. 16.  
 
It was assumed that the backstress ( ) at a point in the railhead can be calculated by 
deducting the yield stress ( 0 ) from the Von Mises stress ( MisesVon ) at that point as shown in 
Eq. (8).  
 0  MisesVon  (8) 
   
The railhead is compressed by the wheel during the loading cycles (forward rolling of 
130.7kN wheel that represents fully loaded coal wagon). The compressive stress in the 
railhead is released during the unloading cycles (reverse rolling with10kN load representing 
empty wagon). As no tensile stress develops at contact patch when loaded, the backstress of 
the railhead steel is assumed as the mean stress in the cyclic loading. With this assumption, 
the proposed stress histories of points located at 1mm, 2mm, 3mm, 4mm, 5mm, 6mm and 
7mm depths below the rail end face top (Fig. 23) were determined. A typical stress history 
proposed for ratchetting prediction at 1mm depth on rail end face is shown in Fig. 24.   
 
Figure 23. Location of points for ratchetting observation 
 
Figure 24. Proposed cyclic stress history at 1mm below the railhead top (130.7kN) 
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The maximum stress, the minimum stress and the mean stress at a point on the railhead end 
face are assumed to remain constant throughout the load cycles. The summary of the 
proposed loading histories at the seven points shown in Fig. 23 are presented in Table 3. 
These stress histories were used as the inputs for the Chaboche model to predict the 
ratchetting strains. 
 
Table 3. Summary of the proposed loading history at different depths on rail end face for 
ratchetting prediction (wheel load 130.7kN) 
Depth 
from rail 
top 
Von Miss stress 
(Maximum 
stress) (MPa) 
Mean 
stress 
(MPa) 
Minimum 
stress 
(MPa) 
Yield 
stress 
(MPa) 
Material 
property 
1 mm 1247.78 315.78 -616.22 932 Top 
2 mm 1189.00 257.00 -675.00 932 Top 
3 mm 1185.97 253.97 -678.03 932 Top 
4 mm 1192.72 260.72 -671.28 932 Top 
5 mm 1113.60 313.60 -486.40 800 Average 
6 mm 1078.14 278.14 -521.86 800 Average 
7 mm 958.87 158.87 -641.13 800 Average 
 
The plastic strain accumulation at the selected seven points (1mm – 7mm depth from the top 
of the railhead end face centreline) is shown in Fig. 25. It can be observed that more than 
60% (0.02960/0.04544 = 65.1% for the 130.7kN wheel load) of the total plastic deformation 
occurred during the first cycle of the 100 cycles at 1mm depth of the rail end face centreline. 
A similar trend can also be seen at the other six points.  
 
 
Figure 25. Accumulated plastic strain at different depth on rail end face during first 100 load 
cycles (Wheel load: 130.7kN, wheel travels up to 10z mm) 
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The accumulated plastic strain on the rail end face after the 1
st
 and the 100
th
 load cycles under 
the 130.7kN wheel load is plotted in Fig. 26; . a similar plot of plastic strains under the 50kN 
wheel load passages is shown in Fig. 27. It can be seen from figs. 26 and 27, the maximum 
plastic strain (1mm from top) for wheel loads of 130.7kN and 50kN respectively are 0.0296 
and 0.0198 – which shows that a 61.7% reduction in wheel load cause only 33.1% reduction 
in plastic strain. It can also be observed that the first load cycle induces >60% of the 
accumulated plastic strains during 100 cycles of wheel passages.  Ratchetting gradually 
decreases along the rail end face centreline from the railhead top towards bottom; minor 
variation to this trend is attributed to the changes in the material properties.  
 
Figure 26. Accumulated plastic strain on the rail end face after 1
st
 and 100
th
 load cycles with 
130.7kN wheel load 
 
Figure 27. Accumulated plastic strain on the rail end face after 1
st
 and 100
th
 load cycles for 
50kN wheel load 
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From Figs. 26 and 27, it can be inferred that the major cause of the plastic strain is not the 
magnitude of the wheel load, but the mere fact that the contact occurs at the top of the free 
railhead edge. Only by avoiding wheel contact at this free edge of the railhead , the problem 
of plastic strain accumulation can be eliminated; Zong and Dhanasekar (2013) have shown 
that by shaping the free edge of the railhead with a fillet-like convex curve, it is possible to 
prevent the rolling wheel from contacting the free edge. The shaped railhead was shown to 
remain elastic at unsupported railhead edge. 
5. Conclusion 
 
Metal ratchetting failure at a railhead edge, such as a gap in an insulated rail joint, is a 
complex problem. Application of analytical and numerical method to investigate such kind of 
problems was adopted through a FE model of wheel/railhead edge contact. The predicted 
strains in the FE model were validated using an independent full scale experimental test rig. 
The material properties for the FE modelling were determined through a combination of 
uniaxial monotonic tensile test and a FE simulation of a cylindrical specimen subject to cyclic 
tension. From the stabilised hysteresis loops of the FE simulation, the parameters for the 
Chaboche kinematic hardening model were determined. The metal ratchetting at railhead was 
predicted using the Chaboche model and the FE model. Following conclusions emerged from 
this paper; 
 
 The Chaboche three parameter kinematic hardening model is capable of predicting the 
accumulation of plastic strains in the railhead edge due to passage of wheels 
conservatively. 
 The first passage of wheel causes significant plastic strain whilst the subsequent 
passages of wheels induce relatively smaller plastic strain increments irrespective of 
the magnitude of the wheel load. 
 True stress-strain curves differ with the depth of railhead steel as the Australian 
standard rail cross section is not fully casehardened. 
 A short piece of railhead with infinite boundary conditions at the cut sections is 
capable of predicting the localised plastic strains without the effect of boundary 
discontinuities. 
 Digital image correlation is a viable method to determine the localised strains in the 
vicinity of the railhead edge under the passage of the loaded wheels. 
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Abstract 
Railhead is perhaps the highest stressed civil infrastructure due to the passage of heavily 
loaded wheels through a very small contact patch. The stresses at the contact patch cause 
yielding of the railhead material and wear. Many theories exist for the prediction of these 
mechanisms of continuous rails; this process in the discontinuous rails is relatively sparingly 
researched. Discontinues Discontinuous railhead edges fail due to accumulating excessive 
plastic strains. Significant safety concern is widely reported as these edges form part of 
Insulated Rail Joints (IRJs) in the signalling track circuitry. Since Hertzian contact is not 
valid at a discontinuous edge, 3D finite Element (3DFE) models of wheel contact at a 
railhead edge have been used in this research. Elastic-plastic material properties of the head 
hardened rail steel have been experimentally determined through uniaxial monotonic tension 
tests and incorporated into a FE model of a cylindrical specimen subject to cyclic tension 
loading. The parameters required for the Chaboche kinematic hardening model have been 
determined from the stabilised hysteresis loops of the cyclic load simulation and implemented 
into the 3DFE model. The 3DFE predictions of the plastic strain accumulation in the vicinity 
of the wheel contact at discontinuous railhead edges are shown to be affected by the contact 
due to passage of wheels rather than the magnitude of the loads the wheels carry. Therefore 
to eliminate this failure mechanism, modification to the contact patch is essential; reduction 
in wheel load cannot solve this problem. 
 
Keywords:   
Edge failure; Strain analysis; Railway engineering; Finite element analysis. 
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1. Introduction 
 
Assessment of railhead stresses and strains due to repetitive wheel/rail contact forces is a key 
aspect in the investigation of various failure modes during the service life of rails in track. 
Railhead stresses and strains have been determined theoretically and/ or numerically using 
the Hertzian contact theory (Johnson [1]). The assumptions of this theory is are violated at 
discontinuous railhead edges such as in the vicinity of the end post gap of Insulated Rail Joint 
(IRJ), which is a key safety device in the electrical track circuitry that controls the signalling 
system. In the absence of the Hertzian contact theory, analytical solutions for the problem are 
complicated requiring numerical solutions for their complex equilibrium and compatibility 
equations. Finite Element (FE) modelling approach is used extensively to investigate the 
wheel/rail contact interaction in continuous and discontinuous railheads. IRJs consist of 
railhead edges on either side of the end post (AS1085.12 [2]); therefore, the analysis of the 
wheel/rail contact interaction at the railhead edges is an essential investigation towardsto 
understanding of the failure mechanisms and/ or the useful service life of the IRJs. 
IRJs are regarded as weak spots of rail tracks which exhibit low and highly variable 
service life (Davis [3]). The IRJ assembly is composed of two rails connected using two joint 
bars on either side of the rail web fastened with six bolts as shown in Fig. 1. The end post 
between rail ends, the epoxy layers between the joint bars and the rail web, and the insulation 
ferules used to enclose bolts are ensured electrical isolation between the two rails (AS1085.12 
[2]). Owing to the heavyOngoing passage of wheels loads on the railhead of the IRJ, the 
degradation occurs due toacross the gap causes flow of metal into the end post gap as shown 
in Fig. 2. The cumulative cyclic plastic deformation (ratchetting) at the railhead edge is the 
major cause of the metal flowcan potentially cause electrical short-circuit and major 
disruption to traffic due to signalling failure. 
 
Figure 1. Typical Insulated Rail Joint in a rail track 
 
Epoxy layer 
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Figure 2. Railhead metal flow towards the end post gap of an IRJ 
 
Fig. 2(b) shows that the stress concentration occurs below the top surface of the railhead 
when the wheel is away from the free edge, but migrates to the top surface when the wheel is 
on the edge. The general theories of stress distribution in bodies under contact which obey 
Hertzian law do not hold good for contact at free edge (Johnson [1]). Plastic deformation in 
discontinuous railhead is only found sparingly in the literature; until more fundamental 
theories are established, the effects of discontinuous railhead edges under rolling contact can 
only be examined using numerical studies involving established FE and/ or the experimental 
methods. Chen and Chen [4] using a FE modelling technique found that the shape of contact 
pressure and tangential traction distributions at the railhead edges deviate significantly from 
the Hertzian elliptical contact pressure distribution shape. The magnitudes of effective strain 
and the size of plastic zone at railhead edges were determined using FE modelling technique 
by Sandström and Ekberg [5]. Very limited literature can be found on the experimental 
investigation of railhead edge behaviour under rolling wheel load. Bandula-Heva et al. [6] 
experimentally determined the strain distribution of the end face of the railhead edge due to 
the rolling wheel load. Dhanasekar and Bayissa [7] used field strain measurements to 
investigate the differences in wheel impact at IRJs with a square and an inclined gap. 
Askarinejad et al. [8] also used strain measurements obtained from a field experiment to 
determine the wheel-rail contact-impact force at an IRJs supported on different spacings of 
sleepers. In contrast a lot of studies are reported in continuous welded rails at welded joints; a 
comprehensive review is beyond the scope this paper – Wen et al [9] and Mutton and Alvarez 
[10] are some good examples where the plasticity and contact impact forces at welded joints 
are reported respectively. 
 
(a) Metal flow into railhead gap in an IRJ  (b) Sectional view through line AB 
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Since it is not efficient to examine the cyclic metal plasticity under large number of load 
cycles purely from the FE analysis method, usage of analytical constitutive models either in 
combination with, or in stand-alone manner cannot be avoided. When a metal is stressed 
beyond its yield strength, hardening occurs as defined by several kinematic hardening 
constitutive model (Armstrong and Frederick [11], Chaboche [12], Bari and Hassan [13], 
Ohno and Wang [14], McDowell [15], Jiang and Kurath [16], and Abdel-Karim and Ohno 
[17]). These models require parameters estimated from lab tests on specimens subject to 
uniform states of uniaxial and/ or biaxial cyclic loading; generally models containing larger 
number of parameters extracted from a system of hysteresis loops are shown to better 
represent the physical phenomena at the cost of expensive experiments. Considering the 
contact nonlinearity and the singularity of stress field at discontinuous edges, a three 
parameter kinematic hardening model that requires only the stabilised hysteretic loop 
proposed by Chaboche [12] has been used in the research reported in this paper. In spite of its 
simplicity, it is shown that the three parameter Chaboche model predicts accumulation of 
localised plastic strains that compare well with the experimental prediction of strains using 
non-contact digital imaging technique.  
 
In this paper, a portion of rail and wheel were modelled using ABAQUS commercial 
software to simulate the wheel/rail contact at the railhead edge in the vicinity of the end post. 
The railhead material properties were experimentally obtained through a uniaxial monotonic 
tension test (Bandula-Heva and Dhanasekar [18]). The FE model was subjected to quasi-
static elastic-plastic analysis loading in the ABAQUS/standard environment to simulate the 
accumulation of plastic strain due to repetitive rolling of wheels in the vicinity of the railhead 
edge. The Chaboche [12] kinematic hardening model was then usedparameters required  to 
predict the accumulation of plastic strain at the railhead end face for large number of load 
cycles. For this prediction, the steel stress history was were obtained using an independent 3D 
FE analysis of a cylindrical railhead material specimen subject to cyclic tension loading. The 
monotonic railhead material properties wereobtained experimentally obtained through a 
uniaxial monotonic tension test (Bandula-Heva and Dhanasekar [18]) have been incorporated 
into the cyclic 3DFE analysis. From the stabilised hysteresis stress-strain outputs of the cyclic 
loading simulation, the parameters of the Chaboche model were determined. The  wheel-
railhead edge contact FE modael was then validated through data sets from full scale 
experiments (Bandula-Heva et al. [6]) carried out with particular focus on the localised 
railhead edge strains under the repetitive passage of loaded wheels.  
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2. Properties of Railhead Material  
 
2.1 Monotonic stress-strain curves 
 
In order to obtain uniaxial stress-strain curve of railhead steel, seven (A-1 to A-7) tensile test 
coupons were cut out from the railhead of a virgin rail sample widely used in the Australian 
heavy haul track. These railheads are partly casehardened to a depth of approximately 25mm. 
The locations of the tensile test coupons in the railhead are as shown in Fig. 3.  
 
Figure 3. Locations of the test coupons in railhead 
 
Since the research interest is focused on the properties of the railhead material close to 
wheel/rail contact zone, another three (B-1 to B-3) tensile test coupons were also obtained 
from a different virgin rail sample. A typical tensile test coupon is shown in Fig. 4. 
 
 
Figure 4. Dimensions of rail test coupon 
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Each specimen was subject to monotonic uniaxial tensile elongation using an INSTRON 
testing machine. The elongation rate was set as1mm/minute and the test coupons were pulled 
apart until breaking. Both the longitudinal and the lateral strains of each test coupon were 
measured using a non-contact digital image correlation technique. The complete testing 
procedure and the method of determining the true stress-strain curves of each of the coupon 
are presented in Bandula-Heva and Dhanasekar [6].  
 
The true stress-strain curves of the coupons A-1, A-2 and A-3 were in good agreement with 
B-1, B-2 and B-3 respectively; coupon A-4 was also extracted from the heat-treated (head-
hardened) zone of the railhead and hence used as a member of the same family of curves. All 
these seven curves were therefore extrapolated to determine the parameters of the material at 
the ‘top’ skin of the railhead; they were also averaged to represent the casehardened 
characteristics of the railhead steel; the ‘top’ and ‘average’ curves are shown in Fig. 5. 
Coupons A-5, A-6 and A-7 exhibited much lower yield strain stress owing to their location 
being within the non-hardened region, which is not of interest to the current paper and hence 
have not been reported here; full datasets can be seen in Bandula-Heva and Dhanasekar [6].  
 
 
Figure 5. True stress-strain curves of the head-hardened railhead 
 
The material properties of railhead steel obtained from the tests is shown in Table 1. The 
experimentally observed yield stress for head hardened rail steel in Table 1 is larger than that 
(780MPa) provided in the Australian standard (AS1085.1 [19]) . The average Young’s 
modulus of the ten rail test coupons was 206.5GPa, which agrees well with the rail steel 
Young’s modulus (207GPa) specified in the Australian standard. The largest tensile strain of 
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the rail steel was 0.12 which is very less compared to other common steels; thus, the railhead 
steel is regarded as less ductile due to casehardening as can be identified form the failure 
mode of the coupons, a typical one is as shown in Fig. 6. 
 
Figure 6. Typical mode of failure of railhead coupon  
 
Table 1. Material properties of railhead steel  
Property 
Average  
(head hardened) 
Extrapolated  
(railhead top) 
Young’s modulus 206.5GPa 206.5GPa 
Poison’s ratio 0.3 0.3 
Density 7800kg/m
3
 7800kg/m
3
 
Yield stress 800MPa 932MPa 
 
2.2 Cyclic stress-strain curves 
 
Many kinematic hardening constitutive models for metals are reported in the literature; most 
of these models require large number of material parameters to be determined from the 
system of hysteresis loops. The kinematic hardening model proposed by Chaboche [12], on 
the other hand requires only the stabilised stress-plastic strain hysteresis loop for the 
determination of the material parameters (Bari and Hassan [13]).  
 
Chaboche [12] kinematic hardening model is based on Armstrong and Frederick (AF) [11] 
rule. The AF rule is capable of predicting ratchetting and hence is widely used in the related 
literature. In the AF rule, the backstress increment ( d ) due to strain increment ( pd ) is 
defined as shown in Eq. (1)(1) in which C  and  are material parameters. 
 
    2 / 3 2 / 3 .p p pd Cd d d       (1) 
 
In the Chaboche model [12], the hysteresis curve is divided into three segments with the 
intention of increasing accuracy. Thus, the total backstress  of the hysteresis curve is 
decomposed into three components ( 1 , 2  and 3 ) as shown in Eq. (2). Then the total 
backstress increment ( d ) due to strain increment ( pd ) is the sum of the three individual 
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decomposed backstress increments as shown in Eq. (3). In the Chaboche model each 
decomposed backstress components is assumed to follow the AF rule as shown in Eq. 4). 
However, the third component 3  
is considered to be linear (Bari and Hassan [20]) and 
hence the parameter 3  
becomes zero. Since 03  , the three decomposed kinematic 
hardening rule of Chaboche (Eqs. (2)(2), (3)(3) and (4)(4)) requires the definitions of 
1321 ,,, CCC  and 2 .  
 
 321    (2) 
 
 


3
1i
idd   (3) 
 
  2 / 3 pi i i id C d dp    
 
(4) 
 
Stabilised hysteresis curve is often obtained with a cyclic load test using a cylindrical test 
specimen as shown in Figure (a). Since the railhead metal suffers from non-uniform 
distribution of material properties, it is difficult to cut a cylindrical test specimen with 
uniform material properties from the railhead top zone. Thus, it was decided to apply FE 
technique to obtain the ratchetting material properties of railhead steel. 
 
Considering symmetry, half of a cylindrical test specimen was modelled in the 
ABAQUS/Standard environment as shown in Fig. 7. The geometry of the developed FE mesh 
is shown in Fig. 7(b). This FE model was analysed with both the average and extrapolated 
rail top material prosperities shown in Fig. 5. In the FE analysis, the model was subjected to a 
cyclic load under displacement control mode and stabilised stress-plastic strain curves for 
each set of material properties were obtained as the outputs. The stabilised stress-plastic 
strain curves for the average and the rail top material are as shown in Fig. 8.  The backstress 
was calculated from Eq. 5) in which   and 0  are axial stress and the yield stress of the rail 
steel respectively. 
 
 0   (5) 
Using Eq. (5), the stress-plastic strain curves in the Figure  were converted into backstress-
plastic strain curves as shown in Fig. 9. 
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Figure 7. Typical cylindrical test specimen 
 
 
Figure 8. Stabilised stress-plastic strain hysteresis loop 
 
 
  Figure 9. Backstress-plastic strain hysteresis loop 
 
The first backstress component 
1 of the Chaboche model in Eq. (2)(2) has very large value 
to represent the initial nonlinear part of the backstress ; the third backstress component 3
represents the linear segment of the backstress hysteresis loop is relatively small. The 
transition between the nonlinear to linear segment of the backstress hysteresis loop is 
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represented by the second component
2 . The loading path of the backstress components 1
and
2 is provided by the Eq. 6 in which 
p
L is the upper and lower limits (see Fig. 10). 
    / 1 2exp ( ( )) 1 2p pi i i i LC For i and             (6) 
   
It is generally recognised that, 
1C should relatively be very large in line with the plastic 
modulus on the onset of yielding and the parameter 
1 should also be large enough to 
immediately stabilise the hardening of 
1 . The parameter 3C represents the slope of the linear 
segment of the hysteresis loop at high strain range. The parameters
2C and 2 are determined 
using predictor - corrector method to best satisfy the Eqs. (2)(2) and (7)(7).  
 
     1 1 2 2 0 3/ / / 2 { ( )}
p p
LC C C          
 
(7) 
The parameters determined for the Chaboche model in Table 2 have been used to calculate 
the back stress components 
1 2 3, &    as well as the total backstress 3  and plotted against 
the plastic strain in Fig. 10 for the railhead top surface material; the average railhead material 
also exhibited similar trend and hence not shown here. 
 
Figure 10. Backstress and its three decomposed components (railhead top surface material) 
 
Table 2. Parameters determined for Chaboche model 
Parameter For average railhead  For railhead top surface  
1C  50000 61500 
2C  21500 16300 
3C  452 450 
1  725 785 
2  42 37 
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3. FE Modelling of Railhead – Loaded Wheel Interaction 
 
The geometry of the idealised wheel/rail contact model is as shown in Fig. 11.  
 
 
 
 
 
 
 
Figure 11. Idealised model of wheel/rail contact 
 
Since the railhead edge metal plasticity is the main focus of this investigation, a part of the 
rail of sufficient length and depth such that the local railhead strains under the loaded wheel 
contact zone are not affected by the boundary effects has been considered; infinite boundary 
condition was assigned for this purpose as shown in Fig. 11; wheel mesh is also shown. 
Master surface 
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A sign convention was proposed for the railhead to make the explanation of the wheel load 
applications and the discussions of the results easy; the chosen sign convention with 
reference to the coordinate system is shown in Fig. 12. The loaded wheel was assumed to 
travel from 20z mm to 10z mm and the rail end face strains (vertical, lateral and 
shear) were examined in the XY plane. 
 
The railhead material properties in Fig. 5 were used in the FE modelling. Further details of 
the developed FE model,  analysis method and validation are reported in (Bandula-Heva et 
al., 2013); only a summary is presented here for completeness. The FE model has been 
subjected to quasi-static analysis such that the loaded wheel is rolled over the railhead edge. 
   
Figure 12. Sign convention of the railhead edge 
 
3.1 FE predictions 
 
Figs. 13 - 16 show the predicted vertical, lateral, shear strains and VonMises stress 
distribution in the railhead when the loaded wheel (130.7kN, which represents a fully loaded 
wagon wheel) has just completed its first half cycle from 20z mm   to 10z mm  . When 
the wheel is located at 10z mm  , the maximum E22 is -39,920 microstrain (compressive), 
E11 is +7,014 microstrain (tension), E12 is  21,390 microstrain and the VonMises stress is 
1371 MPa; The localised nature of this stress can be observed from Fig. 16. In the FE 
modelling, two sets of material properties namely the top and the average were assigned to 
the railhead top zone and the rest of the railhead part respectively. The stress-strain curves for 
these two sets of material properties are presented in Fig. 5. Since the rail top has higher yield 
strength (932 MPa) than the average material property (800 MPa), a discontinuity in stress 
contour lines occurred through the border of the two material zones as shown in Fig. 16.  
Furthermore, the magnitude of the VonMises stress is significantly larger than the material 
yield strength (Table 1).  Railhead edges thus are plasticised immediately after the first travel 
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of loaded wheel; subsequent travels only add small plastic strains, which is described in 
Section 3.2.   
 
Figure 13. Vertical strain (E22) along the rail end face in the first load cycle 
 
Figure 14. Lateral strain (E11) along the rail end face in the first load cycle 
 
Figure 15. Shear strain (E12) along the rail end face in the first load cycle 
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Figure 16. Von Mises stress distribution on the rail end face in the first load cycle  
 
 
3.2 Validation of the FE model 
 
A laboratory experiment involving full scale wheel and railhead, shown in Fig. 17, was 
carried out to validate the FE model reported in Section 3.1.  
 
Figure 17. Rail test specimen under rolling wheel load 
 
In this experiment, unidirectional rolling of loaded wheel was applied in the vicinity of the 
railhead edge test specimens fixed on the test bench. As only the railhead edge strains are of 
interest, half of the IRJ was tested so that the railhead will be visible for imaging required for 
the Digital Image Correlation (DIC) method of analysis. For this purpose, a powerful light 
beam was constantly focussed onto the railhead edge. The wheel was attached to a vertical 
and horizontal actuators. The vertical actuator maintained a constant vertical load during the 
rolling of the wheel.  The horizontal actuator controlled the wheel position 
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0; 0; 20  to 10x y z mm mm     . Canon EOS 7D digital SLR camera fitted with K2/SC 
long distance microscopic lens was used for imaging (18Megapixels resolution) of the 
railhead edge at regular interval for each 1mm positioning of the wheel. Full details of the 
experiment is published in Bandula-Heva et al. [6]. 
 
The FE prediction of the vertical strain (E22) and the DIC experimentally determined data 
points are shown in Fig. 18. Figs. 19 and 20 show the comparison between FE prediction and 
DIC experimental data for E11 and E12 respectively. It should be noted that the strain at top 
most fibre at the railhead surface could not be calculated using the DIC due to the 
requirement of finite sized cell with the strain determination at the centre of the cells is only 
being possible. Generally the comparison is good. The FE model is thus considered validated. 
 
  
 
Figure 19.   Lateral strain profile along the rail end face 
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Figure 18.   Vertical strain profile along the rail end face 
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Coordinate Shear strain (E12) 
x y FE Expt. % Diff. 
7.5 4.5 0.01385 0.01350 2.5% 
7.5 5.5 0.01226 0.01194 2.6% 
7.5 9.0 0.00355 0.00375 -5.6% 
 
 
Figure 20.   Inplane shear strain profile along the rail end face 
 
The validated FE model is then used to predict the accumulation of the plastic strain in the 
vicinity of the railhead edge. Based on the FE analysis, the Equivalent Plastic Strain (PEEQ) 
distribution along the rail end face centreline for two load cases (130.7kN and 50kN, 
represents a wheel in empty wagon) are shown in Fig. 21.   
  
Figure 21. Equivalent plastic strain along the end face centreline in the first load cycle  
 
It is clear, the peak PEEQ occurs at the railhead top. The depth of plastic zone in the railhead 
for the 130.7kN wheel load is approximately 11.5mm and that of the 50kN is approximately 
6.5mm. Importantly plastic strains occur during first wheel passage irrespective of wheel load 
as shown in Fig. 21. 
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4. Application of Chaboche model  
 
The incremental backstress for a given strain increment is a function of the current state of 
the backstress and the plastic strain, a plot of which is shown in Fig. 22.  
 
Figure 22. Typical sketch of loading and unloading path in the ratchetting 
 
In this figure, a typical loading and unloading paths of a backstress-plastic strain curve is 
presented. The current state of backstress and plastic strain is represented at point ),( A
p
AA  ; 
from this, the subsequent state of backstress and plastic strain ),( B
p
BB  can be determined 
using the Eq. (4)(4) for a plastic strain increment of pd . In this way the loading and 
unloading paths are established incrementally to determine the accumulation of plastic 
deformation under cyclic loading. A computer program was developed to determine the 
incremental stress by governing the current state of the backstress and the plastic strains of 
the railhead metal based on the Eq. (4)(4) and this program was used to establish the loading 
and unloading paths during ratchetting.  
 
The ratchetting parameters in Table 2 were obtained for uniaxial cyclic loading data. 
However, the railhead metal of the test specimens was subjected to multiaxial stresses under 
the repetitive passage of the loaded wheel. Thus, the Von Mises (equivalent uniaxial) stress is 
input into the Chaboche model to predict the railhead ratchetting. Since only the ratchetting at 
the rail end face is of interest in this research, the wheel with load (130.7kN) was rolled over 
the railhead from 20z mm to 10z mm to obtain the Von Mises stresses of the railhead 
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end face. The Von Mises stress distribution on the rail end face during the first passage of the 
130.7kN wheel load is presented in Fig. 16.  
 
It was assumed that the backstress ( ) at a point in the railhead can be calculated by 
deducting the yield stress ( 0 ) from the Von Mises stress ( MisesVon ) at that point as shown in 
Eq. (8).  
 0  MisesVon  (8) 
   
The railhead is compressed by the wheel during the loading cycles (forward rolling of 
130.7kN wheel that represents fully loaded coal wagon). The compressive stress in the 
railhead is released during the unloading cycles (reverse rolling with10kN load representing 
empty wagon). As no tensile stress develops at contact patch when loaded, the backstress of 
the railhead steel is assumed as the mean stress in the cyclic loading. With this assumption, 
the proposed stress histories of points located at 1mm, 2mm, 3mm, 4mm, 5mm, 6mm and 
7mm depths below the rail end face top (Fig. 23) were determined. A typical stress history 
proposed for ratchetting prediction at 1mm depth on rail end face is shown in Fig. 24.   
 
Figure 23. Location of points for ratchetting observation 
 
Figure 24. Proposed cyclic stress history at 1mm below the railhead top (130.7kN) 
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The maximum stress, the minimum stress and the mean stress at a point on the railhead end 
face are assumed to remain constant throughout the load cycles. The summary of the 
proposed loading histories at the seven points shown in Fig. 23 are presented in Table 3. 
These stress histories were used as the inputs for the Chaboche model to predict the 
ratchetting strains. 
 
Table 3. Summary of the proposed loading history at different depths on rail end face for 
ratchetting prediction (wheel load 130.7kN) 
Depth 
from rail 
top 
Von Miss stress 
(Maximum 
stress) (MPa) 
Mean 
stress 
(MPa) 
Minimum 
stress 
(MPa) 
Yield 
stress 
(MPa) 
Material 
property 
1 mm 1247.78 315.78 -616.22 932 Top 
2 mm 1189.00 257.00 -675.00 932 Top 
3 mm 1185.97 253.97 -678.03 932 Top 
4 mm 1192.72 260.72 -671.28 932 Top 
5 mm 1113.60 313.60 -486.40 800 Average 
6 mm 1078.14 278.14 -521.86 800 Average 
7 mm 958.87 158.87 -641.13 800 Average 
 
The plastic strain accumulation at the selected seven points (1mm – 7mm depth from the top 
of the railhead end face centreline) is shown in Fig. 25. It can be observed that more than 
60% (0.02960/0.04544 = 65.1% for the 130.7kN wheel load) of the total plastic deformation 
occurred during the first cycle of the 100 cycles at 1mm depth of the rail end face centreline. 
Similar A similar trend can also be seen at the other six points.  
 
 
Figure 25. Accumulated plastic strain at different depth on rail end face during first 100 load 
cycles (Wheel load: 130.7kN, wheel travels up to 10z mm) 
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The accumulated plastic strain on the rail end face after the 1
st
 and the 100
th
 load cycles under 
the 130.7kN wheel load is plotted in Fig. 26; . a similar plot of plastic strains under the 50kN 
wheel load passages is shown in Fig. 27. It can be seen from figs. 26 and 27, the maximum 
plastic strain (1mm from top) for wheel loads of 130.7kN and 50kN respectively are 0.0296 
and 0.0198 – which shows that a 61.7% reduction in wheel load cause only 33.1% reduction 
in plastic strain. It can also be observed that the first load cycle induces >60% of the 
accumulated plastic strains during 100 cycles of wheel passages.  The rRatchetting gradually 
decreases along the rail end face centreline from the railhead top towards bottom; minor 
variation to this trend is attributed to the changes in the material properties.  
 
Figure 26. Accumulated plastic strain on the rail end face after 1
st
 and 100
th
 load cycles with 
130.7kN wheel load 
 
Figure 27. Accumulated plastic strain on the rail end face after 1
st
 and 100
th
 load cycles for 
50kN wheel load 
0 0.01 0.02 0.03 0.04 0.05
1 mm
2 mm
3 mm
4 mm
5 mm
6 mm
7 mm
Accumulated plastic strain 
D
ep
th
 f
ro
m
 r
a
il
h
ea
d
 t
o
p
 
First load cycle
100 load cycles
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
1 mm
2 mm
3 mm
4 mm
5 mm
6 mm
Accumulated plastic strain 
D
ep
th
 f
ro
m
 r
a
il
h
ea
d
 t
o
p
 
First load
cycle
21 | P a g e  
 
From Figs. 26 and 27, it can be inferred that the major cause of the plastic strain is not the 
magnitude of the wheel load, but the mere fact that the contact occurs at the top of the free 
railhead edge. Only by avoiding wheel contact at this free edge of the railhead , the problem 
of plastic strain accumulation can be eliminated; Zong and Dhanasekar [21] have shown that 
by shaping the free edge of the railhead with a fillet-like convex curve, it is possible to 
prevent the rolling wheel from contacting the free edge. The shaped railhead was shown to 
remain elastic at unsupported railhead edge. 
 
5. Conclusion 
 
Metal ratchetting failure at a railhead edge, such as a gap in an insulated rail joint, is a 
complex problem. Application of analytical and numerical method to investigate such kind of 
problems was adopted through a FE model of wheel/railhead edge contact. The predicted 
strains in the FE modal model were validated using an independent full scale experimental 
test rig. The material properties for the FE modelling were determined through a combination 
of uniaxial monotonic tensile test and a FE simulation of a cylindrical specimen subject to 
cyclic tension. From the stabilised hysteresis loops of the FE simulation, the parameters for 
the Chaboche kinematic hardening model were determined. The metal ratchetting at railhead 
was predicted using the Chaboche model and the FE model. Following conclusions emerged 
from this paper; 
 
 The Chaboche three parameter kinematic hardening model is capable of predicting the 
accumulation of plastic strains in the railhead edge due to passage of wheels 
conservatively. 
 The first passage of wheel causes significant plastic strain whilst the subsequent 
passages of wheels induce relatively smaller plastic strain increments irrespective of 
the magnitude of the wheel load. 
 True stress-strain curves differ with the depth of railhead steel as the Australian 
standard rail cross section is not fully casehardened. 
 A short piece of railhead with infinite boundary conditions at the cut sections is 
capable of predicting the localised plastic strains without the effect of boundary 
discontinuities. 
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 Digital image correlation is a viable method to determine the localised strains in the 
vicinity of the railhead edge under the passage of the loaded wheels. 
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